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Abstract — An opportunistic DF-AF selection relaying scheme 
with maximal received signal-to-noise ratio (SNR) at the des- 
tination is investigated in this paper. The outage probability 
of the opportunistic DF-AF selection relaying scheme over 
Nakagami-m fading channels is analyzed, and a closed-form 
solution is obtained. We perform asymptotic analysis of the 
outage probability in high SNR domain. The coding gain and the 
diversity order are obtained. For the purpose of comparison, the 
asymptotic analysis of opportunistic AF scheme in Nakagami-m 
fading channels is also performed by using the Squeeze Theorem. 
In addition, we prove that compared with the opportunistic DF 
scheme and opportunistic AF scheme, the opportunistic DF-AF 
selection relaying scheme has better outage performance. 

Index Terms — Cooperative diversity, opportunistic DF-AF 
selection relaying, outage probability, asymptotic analysis, 
Nakagami-m fading. 

I. Introduction 

C OPERATIVE diversity, which lets the single antenna 
equipped communication terminal enjoy the performance 
gain from spatial diversity, is an important modus operandi of 
substantially improving coverage and performance in wireless 
networks. The basic idea is that beside the direct transmission 
from the source to the destination, some adjacent nodes 
can be used to obtain the diversity by relaying the source 
signal to the destination (TJ, Q. Several cooperative diversity 
protocols including amplify-and-forward (AF), decode-and- 
forward (DF), selection relaying and incremental relaying, 
have been discussed in |2]-[4J. DF-AF selection relaying 
protocol, where each relay can adaptively switch between DF 
and AF according to its local signal-to-noise ratio (SNR), has 
been developed and investigated in AS]]-®. 

For the purpose of improving the system spectral efficiency, 
the opportunistic relaying scheme for cooperative networks 
has been introduced J9), ED- In sucn a scheme, a single 
relay is selected from a set of relay nodes. The opportunistic 
DF protocol and opportunistic AF protocol have been well 
studied in Rayleigh fading channels ifTTl - lfTSll . In contrast, the 
opportunistic relaying over Nakagami-m fading channels have 



not been extensively studied yet due to the mathematical diffi- 
culty. Furthermore, when each relay utilizes DF-AF selection 
relaying protocol, how to choose a best one among them? 

In this paper, we study the opportunistic DF-AF selection 
relaying with optimal relay selection whereby the destination 
obtains maximal received SNR in cooperative networks. More- 
over, we carry out asymptotic outage behavior analysis of the 
opportunistic DF-AF selection relaying scheme in Nakagami- 
m fading channels. In addition, the asymptotic performance 
of opportunistic AF protocol in Nakagami-m fading channels 
is analyzed for comparison. 

The rest of the paper is structured as follows. Section II 
introduces the opportunistic DF-AF selection relaying scheme. 
Section III presents the asymptotic outage analysis of the 
opportunistic DF-AF selection relaying. Next, in Section IV, 
comparisons with the opportunistic DF scheme and oppor- 
tunistic AF scheme are performed. In Section V, the numerical 
results are presented. Finally, the main results of the paper are 
summarized in Section VI. 

II. Description of opportunistic DF-AF selection 
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Fig. 1. Wireless relay channel 



Consider a cooperative wireless network consisting of a 
source node (S), a destination node (D) and K potential relays 
R = {R\, R 2 , ■ • ■ , Rk ) as shown in Fig. Q] Instantaneous 
SNRs of S -» D, S — > Ri and R l -+ D channels are denoted 
by 70, 7it and 72;, where i = 1,2,--- , K. The effects of the 
fading are captured by complex channel gains h s< d, h St i and 
hi } d respectively. The fading in each channel is assumed to be 
independent, slow and Nakagami-m distributed with parame- 
ters (mo,Wo)> and (m2i,cJ2i) respectively. We have 



70 = |M 2 SNR, Hi = IM 2 SNR, and 72 



IM'SNR, 



where SNR is the transmit SNR0 

In opportunistic DF-AF selection relaying, among the K- 
relay set, where each relay uses DF-AF selection relaying 
protocol, a "best" relay will be selected for each transmission. 
Such a cooperative transmission is divided into two steps with 
equal durations. In the first step the source node broadcasts its 
signal to the destination node and the set of i^-relay nodes as 
well. In the second step, the best relay is selected according 
to 



b = are 



max 
=1,2, ••• .K 



&72i + (l-&)- 



7ii72i 



(1) 



111 + l2i + 1 . 

where £j denotes the decoding state of Ri, i.e., £j = 1 when Ri 
could fully decode the source message, otherwise & = 0. And 
the best relay Rt, will use DF-AF selection relaying protocol 
to forward the received signal. Specifically, relay R\, uses DF 
to re-transmit the received signal if £5 = 1. Otherwise AF will 
be used. Since combing method does not affect the diversity 
order analysis, we assume that the destination uses Selection 
Combining (SC) to combine the signals received in the two 
stages for tractability unless otherwise specified. 

Remark: Let path represent the direct link (S — » D) and 
path i represent the i th cascaded link (S — > Ri — > D) where 
i = 1, • • • , K. For the i th cascaded link we introduce a ran- 
dom variable 7$ that will denote the equivalent instantaneous 
SNR at the destination [15]. That is, let li takes into account 
both the fading on S — > Ri link and the fading on the Ri -+ D 
link. 7j = 72^ when Ri uses DF, otherwise if AF is used by 

Ri, 7i = ^X+iTi+i Then we have 



7« = &72i + (1 - &)- 



7li72i 



1 (2) 

7Xi + l2i + 1 

Combining (fJJ and @, it can be shown that the proposed 
selection method of the best relay gives the maximal equivalent 
instantaneous SNR of S — > i?t, — > D path. On the other 
hand, as Selection Combining (SC) is used at the destina- 
tion. The received SNR at the destination can be given by 
7 = max{7o, 7^}. Hence the proposed selection method of the 
best relay gives the maximal received SNR at the destination. 

III. Outage analysis of the opportunistic DF-AF 

SELECTION RELAYING SCHEME 

The outage probability can be given by the following 
lemma. 

'The destination and the relay apply equal transmit power P unless 
otherwise specified, and SNR = P/Nq with ./Vo being the AWGN variance 
at the relay and the destination. 



Lemma 1. The outage probability of the opportunistic DF-AF 
selection relaying scheme can be given by 
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where R is the transmission rate, A = 2 H — 1 and 7^ is 
the SNR threshold at the destination. a Q = otu = = kL , 
and ct2i = r(-) is the gamma function, and T(-, •) is the 
incomplete gamma function. 

Proof: Throughout this paper, we use X ~ Q(m) to 
denote that a random variable X has the p.d.f. given by 

f \ m my 

fx(y) — Tjjn) (5) y m_1 e~~. First, it can be derived that 
c.d.f. of Y ~ Q{m) can be given by 



F Y (y) = 1 



m, -J- 



r(m) 



(4) 



If 

i.e., 

7ii 
the 



the source-relay link is able to support R, 
I log 2 (1 + 71,) > i?@ or equivalently, if 
> A = 2 2R — 1, the relay could fully decode 
source message. Consequently, the instantaneous 



equivalent end-to-end SNR per symbol at the destination is 

7 = max (70, maxi = i, 2 ,- ,k {&72i + (1 - 6) }) , 



A} 



where Pr{^ = 0} = Pr{7i, < 
and Pr{^ = 1} = 1 - Pr{& = 0}. The outage 
probability can be given by P out = Pr{-f<-f th } = 

Pr {70 < 1th} Ylti Pr {^72i + (1 - &) 7 J+£Ui < 1th) ■ 
According to the Theorem of Total Probability and conditional 
probability, we have 

K 

= Pr{ 7 o < 1th} I] ( Pr fe = 1} Pl '{72, < 1th} 



P, 



Pr{^ = 0} Pr { 



llil2i 



111 + 72i + 1 



< 7thie< = 0}) 



(a) 



+ F 1U (A) 
(a) holds since when ^ 
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0, i.e., in < A, we have 



7172 
71+72+1 



< 



7h < A = lth , i.e., Pr{ 7i ^Vi < 7tfc|6 = o} = 1. Using 
© and £[3), we arrive at ©. ■ 
The following lemma presents the asympotic analysis (high 
SNR) of the outage. 



Lemma 2. 
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2 The mutual information between S and R.i is given by = log 2 (1 + Tii) 

na. 



where ~ denotes asymptotic equality, and IV. COMPARISON WITH THE OPPORTUNISTIC AF 

RELAYING SCHEME AND OPPORTUNISTIC DF RELAYING 
'CMD-TO2< SCHEME 
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JR— », m„<m 2i ; (7) F^t, cAf. of is given by 03 
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JR "*» m H = m 2i . F ^ (y) = 1 - ^31 1 ll j 
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Proof: First, notice that the lower gamma function v 1 -* 
7(a, 6) ~ (l/a)b a as 6 -> 1161. It can be shown that 

' v ' 1 w 7 n=0 j=0 fc=0 

2 - — 1 j + fc + i 27i + 2m 2 i -j-fc — 1 

r(TO ,QQ7 th ) _ 7(m ,ao7 tfe ) x " 2l 2 (1 + 2/) 2 2/ 



n! \j 



r(m ) r(m ) 



(13) 



m r(m ) V w o / 
Similarly we obtain that 



where -Ku(-) denotes the v th order modified Bessel function 



of the second kind. Consequently, the outage probability for 
the opportunistic AF scheme is given by 



r(m li ,a li A) 1 f m ll A\ CMD _ mii , m D r, / ( / 7ii72i ( , 
1 — f : ^ ^7 r SNR (9) P a/ = Pr max 7o ,. max — ^ < 7th 

r(m M ) miir(mii) \ w Jt / I \ »=i,2,- ,if [ 71, + 7 2l + 1 



and 
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F ^ (y), (14) 



r (m 2 i, ct2ijth) where F TiiT 2 i (y) is given by ( TOT l. Denote 7j = 

1 =-r r ^li + T2i + l 

J- ( TO 2iJ min{7ii, 7 2 i}, when SNR — > 00, observe that ^7^ < 

_ 1 / m 2 ath \ m21 SMR -m 2i (10) 7l 7+7 7 2 2 /+i < 7» US- Therefore we have Pr{ 7 * < lth } < 

m 2i T{m 2 i) \ lo 2i ) Pri < lth ) < Pr{i 7i < 1th} • Using ©, it can 

be shown that 

Using (|9]l, QlOb , and (|3), the theorem can be obtained. 

■ Pr{7 l <7^} 

ri ■■ 1 tu 1 • • u - u cmd [51 u 1 r("iii,aii7fi)r( m 2i,a2i7tft) 

Corollary 1. The coding gain in high SNR, g]J can be =1 — - — —-7 : ■ — - 

expressed as \ m ii) \ m 2i) 

(^nih.y no k y r(m u ) j y r(m 2 o j 

9 m r(m ) / r(mif,aii7t/ l )\ ( T {m 2i ,a 2l j t h)\ 

" v r(m«) J v 1_ r(m 2i ) | (15) 

/ \m 2 » 

^ = m 2i r(m 2i ) ( "^2?" ) if mii > m2i - ° therwise ' Vi = Combining ©, GOjl, and (B), it can be shown that 

Wl< ^ ' Pr {7* < 7*4 ^ (^JM SNR— := L i; (16) 

Corollary 2. The diversity order can be given by 1 ^ l ' 1 

where m, = minjmii, m 2 i}. Similarly, we get 

d = -sN^ooiofSfl Pr|^<ml - zr^f^V'sNR 

= m + 2jmin{m 2 i,mij}. (12) 



2 J mjl (m, ) V 

Ui. (17) 



Consequently, we have U < Pr 1 7li 7 |! 7 7 2 2 .' + i < 7th} ^ ^ij 
Remark: Corollary\2\reveals that the diversity order depends Le '' 
nof on/y on the number of the relays, K, but also the fading Li< F -imn (y) ~< Ui (18) 

parameters of the channels. Meanwhile, the diversity order -ai+ra+i 

can be non-integer according to Corollary^ where ^(SNR) < / 2 (SNR) means < lim £4|£S < 1. 

Using ©, ©, CEO), dTJD, we have P o/ ~ 

3 When Pout ~ oSNR~', q and / are called coding sain and diversity ( m °~' th ) „ 
order respectively. mor(m ) SNR~ TJ^l ^i) ^ 1 *4 1 U t . Then, we 



obtain the coding gain 



9af = L 



< 



m r(m 
1 f 2mjith 



m^r(mi) 
K 

1 



/ 2mj~/ th \ 



with 
. and the 



diversity order d a / = m + min{TO2i, rtiu} 

Remark 1: It is difficult to perform the asymptotic analysis 
(SNR — > ooj directly based on The difficulty is that the 

c.d.f. of the the equivalent relay path SNR 7i 7 _J_t^ 2i +1 is vet J 
complicated. In this paper, we solve the difficulty by bounding 
the the equivalent relay path SNR with simple lower and upper 



bounds in high SNR. Specifically, 



< 



7li72i 



< 7j. Then 



7li+72i + l 

we have the simple lower and upper bounds of the c.d.f. of 
the the equivalent relay path SNR. Moreover, the lower bound 
and the upper bound have the same SNR order. Consequently, 
we obtain the asymptotic behavior of the outage probability. 

Remark 2: The opportunistic DF-AF and opportunistic AF 
have the same diversity order, i.e., d — d a f. However, when 
A = 7t/j, we have g < g a f. That is to say, the opportunistic 
DF-AF has lower outage than opportunistic AF in high SNR. 

When SC is applied at the destination, the outage probability 
for opportunistic DF scheme is the same as opportunistic 
DF-AFo The opportunistic DF scheme has the same outage 
behavior as the opportunistic DF-AF scheme in this case|j 
However, if Maximal Ratio Combining (MRC) is used, the 
outage probability for opportunistic DF-AF is given by 



V. Numerical results 

In this section, computer simulations are performed to verify 
the accuracy of our derived analytical results. In the simula- 
tions, we have set R = 1 bit/sec/HZ, ljq = un = ui2i = 1. 
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Fig. 2. Outage probability in Rayleigh channels with K relays 



P out = Pr { 7o + . max { 7 J < j th 

%— 1,2,"- ,K 



Pr \^ ax ^r o+7 7 <7t,! 7 

K 

H ( Pr{& = 1} Pr{ 70 + 7 2, <lth} + Pr{& = 0} 



Pr{ 7 o 



7li72i 



T <7tfcl& = 0}). (19) 



7li + J2i + 

In contrast, the outage probability for opportunistic DF can be 
derived as 

P df = Pr \ 70 + m ax „ {672i} < 1th 



i=l,2,— ,K 



K 



= II ( Pr fe = Pr ^° + ™ <lth} + Pr{£i = 0} 

i=l 

Pr{-yb<7tfc|6=o}) (20) 

Since Pr{ 70 < = o} > Pr { 7o + < 

Tth\€i = 0j, we have P out < P d j. On the other hand, the 



outage for opportunistic AF with MRC is 

7li 7 2i 



p af = Pr S 7o + . max 



<lth) (21) 



1,2,-, K [ 7li +J 2i + 1 

^m-i < 72. then P' out < P' af . 

4 The outage probability for opportunistic DF is also given by (5J- 
5 The diversity order and coding gain are the same consequently. 
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Fig. 3. Outage probability in Nakagami-m channels with 3 relays 

Fig. [2] compares the outage probability obtained via sim- 
ulations and theoretical evaluation with different number of 
potential cooperating relays (K) in Rayleigh fading environ- 
ment (m = mil = rn 2 i = 1). Fig. [3] compares the outage 
probability with general Nakagami-rn fading parameters in 
K = 3 relays scenario, too = 0.5, mi = [11 2], m-2 = [11 1]- 
As a benchmark, we also show the outage probability of the 
best-relay selection adaptive DF scheme lfl5l as well as the 
outage probability of the opportunistic AF schem. Observe 
that simulation curves match in high accuracy with analytical 
ones. When SC is utilized, opportunistic DF-AF scheme has 



the same outage probability as the best-relay selection adaptive 
DF scheme, which has better outage performance than the 
opportunistic AF scheme. The asymptotic outage coincides 
with the exact outage in high SNR region. We can notice that 
both the number of potential cooperating relays (K) and the 
fading parameters have a strong impact of the performance 
enhancement. We will analyze the impact of the relay number 
and the fading parameter respectively in the following. 
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Fig. 4. Outage probability with K relays 

Fig. |4] illustrates the theoretical results for the outage prob- 
ability of opportunistic DF-AF scheme with different number 
of relays, K. In the computation, we set m = 0.8 and 
run = rri2i = 1. When mu = ni2i = 1, the diversity 
order is d = mo + K (See Fig. |5). From Fig. [4] we can 
clearly find that the number of relays impacts the slope of the 
curves. When there are more relays, the outage probability 
decreases more faster. In addition, the slopes of the curves in 
high SNR in Fig. |4] are concordant with the diversity order 
illustrated in Fig. Fig. [6] shows the diversity order with 
different channel fading parameters. We consider 2 symmetric 
relays, i.e., mj = [gx gi],rri2 = [g% g?\. The fading parameter 
for the direct channel from the source to the destination is 
m = 0.5. It can be observed that the diversity order is 
determined by the worse one in the source-relay channel (gi) 
and relay-destination channel (52)- 

To further demonstrate the advantages of the opportunistic 
DF-AF scheme, we show the outage performance of the three 
schemes when MRC is used in Fig. [7] The fading parameters 
are set as mo = 0.5, mi = [11 2], 7712 = [11 1]. Notice 
that the opportunistic DF-AF scheme has the best outage 
performance, which verifies the proposed theoretical analysis. 
In Fig. [8] we consider different power allocations between the 
source and the relay. Define a — P s j (P s +P r ) as the power al- 
location coefficient, where P s and P r are the transmit power at 
the source and the relay, respectively. In the simulation, MRC 
is applied at the destination, and we set the AWGN variance 
Nq = 1. From Fig. [8] we can see that the opportunistic DF-AF 
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Fig. 5. Diversity order with different K 




Fig. 6. Diversity order with different fading parameters 



scheme outperforms the other two schemes. The advantages 
are obvious when a — 0.2, ...,0.7, and the opportunistic 
DF-AF scheme has almost the same performance as the 
opportunistic DF scheme when a — 0.8, 0.9. In addition, from 
the curve for the opportunistic DF-AF scheme, we can notice 
that with the increase of a, the outage decreases at first and 
then increases. This can be explained as follows: When the 
source power increases, the relay has larger probability to 
correctly decode the source message, and then DF will be 
utilized with larger probability. Thus, the curves of the DF- 
AF scheme and DF scheme approach while we increase a. 
The equivalent SNR of the relay path is given by When 
the source power is low (i.e., a is small), the relay could not 
decode the source messages with high probability, equivalent 

7li72i 



SNR of the relay path is approximated by +^+1 ■ ^ n tn ^ s 
case, the increase a will result in the increases of and 
decrease of j2i- Observe that 71, increase from a small number 
and 72i decreases from a large number, i.e., jn and 72; 



approach each other. Consequently, 



7ii+72i+l 



increases. Thus, 




10 2 4 6 8 10 12 14 

SNR(dB) 

Fig. 7. Outage comparison in 3-relay networks when MRC is applied 
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Fig. 8. Outage comparison with different power allocations between the 
source and the relay in 3-relay networks, the total power P s + P r = 10 dB 
and the fading parameters are chosen as mo = 0.5, m\ = [11 2},m,2 = 
[HI] 



we have better outage performance. However, when the source 
power goes beyond a threshold, the relay has high probability 
to decode the source messages, and the equivalent SNR of 
the relay path is determined by the SNR of the second hop 
72 j. The increase of a means the decrease of the relay power, 
i.e., the decrease of j2i- So we have higher outage probability. 
Finally, from the figure and the analysis, we can guess that an 
optimal a exists. 

VI. Conclusion 

In this paper, we investigate the opportunistic DF-AF se- 
lection relaying scheme in wireless networks. The optimal 
relay selection for maximizing received destination SNR is 
studied. We analyze the outage probability over Nakagami- 
m fading channels, and a closed-form solution is obtained. 



The coding gain and diversity order are derived whereby the 
asymptotic analysis in high SNR. We find that the diversity 
order depends on not only the relay number but also the fading 
parameters. Moreover, we prove that the opportunistic DF-AF 
selection relaying scheme outperforms both the opportunistic 
DF scheme and opportunistic AF scheme in terms of the 
outage performance. Finally, the numerical results verify our 
analysis. In addition, simulations demonstrate that the power 
allocation between the source and the relay plays an important 
role on the performance. We will investigate the the power 
allocation to further improve the performance in the future 
works. 
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